Abstract: This paper studied an architecture model of turbidite channel systems based on the shallowlayer high resolution 3D seismic information in the deepwater area in the Niger Delta continental slope, West Africa as a prototype model. Different types of channel systems were identified and the corresponding architecture models were established. The controlling factors, evaluation criteria and spatial distribution of different channel systems were analyzed. This study shows that turbidite channel systems the condition of canyon and the levees on both sides. On one hand, along the transport direction, channel system evolves from confined to unconfined. Within channel systems, channel complexes, including two types of incised and enveloped, are the most important reservoir bodies. On the other hand, there is a channel complex evolution from incised to enveloped vertically. The geological factors exert impacts of different levels on the architecture of the turbidite channels in different sedimentary systems or even within the same system.
Introduction
Deepwater sedimentation is an important factor in current of its reservoir architecture model has lagged behind that of are as follows. First, deepwater depositional systems cannot to non-marine sedimentation, they deposit in the marine environment where water depth usually exceeds 300 m, as a consequence, it is difficult to use remote-observation techniques to study their sedimentary patterns. Second, outcrops of deepwater sedimentation can barely provide deposits are characterized by large scale of generally several kilometers or even more than ten kilometers in width. The However, previous and present studies of deepwater architecture models mainly focused on middle and small scale sedimentary units, such as channel complexes and single al, 2011). In addition, systematic and hierarchical studies are greatly needed. We studied the turbidite channel architecture model within passive basins based on shallow-layer high resolution 3D seismic information in deepwater Niger Delta of West Africa as a prototype model. Different types of channel systems were identified and the corresponding architecture models were established and the controlling factors and spatial distribution of different channel systems were analyzed. This study may provide theoretical foundation, from a geological perspective, for the evaluation and development of deepwater reservoirs.
Geological background
The study area covers 350 km 2 and is situated in the Niger Delta of West Africa, roughly 200 km to the south of Port Harcourt with water depths of about 1,300-1,500 m (Fig. 1) . The source area is the Niger River system to the north (Lü et al, 2008) . This subsection provides a brief introduction to the background of tectonics, depositional settings and stratigraphy. 
Tectonic setting
The Niger Delta Basin developed in the Early Cretaceous and is a passive continental margin basin whose evolution can be divided into rifting and drifting phases. Development of this basin is attributed to the collapse of Gondwanaland and the splitting of the south and equatorial Atlantic (Karner et al, 1997) .
Since the Eocene, long-term regression had prompted the formation of the present Niger Delta, and during this progradational process, the Niger Delta, affected by gravity, formed a series of tectonic zones. Damuth (1994) divided are 1) the upper extensional zone of listric growth faults compressional zone of imbricate thrust structures (toe thrusts) beneath the lower slope and doming area. The study area lies within the translational zone between extensional and al, 2005), and belongs to the diaper-tectonic zone (Fig. 1). 
Depositional setting and stratigraphy
The stratigraphy succession of Niger Delta mainly consists of three regressive lithostratigraphic units, as shown in Fig. 2 . From the oldest to the youngest these are the Akata, Agbada, and Benin formations (Short and Stauble, 1967) . The Akata Formation of marine deposits, whose lithology is predominantly dark grey shale with turbidite or slope canyon sediments, provides the most important source rocks in the Niger Delta Basin, and its thickness is 2,000 m to 7,000 m (Doust and Omatsola, 1990) . The Agbada Formation of fluvial delta and marine facies, mainly comprised of sandstone interbedded with mudstone and marine shale, is the major oil producing interval in weakly cemented sandstone accumulated from Eocene until Quaternary with a thickness of over 3,500 m (Corredor et al, 2005) . The Benin Formation, whose lithology is mainly sandstone with thin mudstone or shale, represents a set of continental delta plain sediments. The possible microfacies of sand bodies include mouth bar, branch channel and levee. This formation was deposited mainly in continental and neritic environments from the Late Eocene to Holocene, and its thickness is up to 2,000 m (Corredor et al, 2005) .
The target interval is located in the Agbada Formation. Lü et al (2008) , from the perspective of sequence stratigraphy, pointed that the study area had been in a deepwater sedimentary environment, although there were several obvious regression events. In addition, it is likely to have gravity slumping and submarine turbidites since the study area lies near the lower slope. Actually, seismic sedimentology analysis shows that deepwater gravity flow which deposits under LST (lowstand systems tract) is the main sedimentary system for the study area, and the facies predominately consist of mass transport deposits and turbidite channels, etc (Li et al, 2008) .
Seismic database and methodology
The data set used for this research is a conventional 3D seismic volume with sampling interval of 3 ms and line spacing of 12.5 m in both crossline and inline directions. The study interval is from the seafloor to the fourth condensed section. There are four major sedimentary cycles in the at the top of each one ( Fig. 3(a) ). This interval ranges in thickness (two way travel time, TWT) from 0.6 s to 1.5 s, and spectrum analysis shows that it has a frequency bandwidth from 15 Hz to 90 Hz with a dominant frequency of 70 Hz ( Fig. 3(a) ). If we take the interval velocity at 1,900 m/s, the resolution of thickness is approximately 6 m, which can basically meet the need of architecture characterization of different single channel bodies.
Because insufficient borehole data have been collected in the study interval to calibrate seismic interpretation with lithology, sedimentary types are inferred from the external morphology, the internal amplitude characteristics of seismic facies, and stratigraphic position as well as indirectly by analogy with seismic and sedimentary facies interpretation from other areas where borehole data are available (Weimer, of sedimentary facies, including massive transport, channel system and deepwater drape deposits, are interpreted.
with dusky or translucent amplitudes ( Fig. 3(b) ). Commonly, they are preserved with large thickness and lateral extension as a result of sediment slumping from shelf margins or slopes in LST during regression. Channel deposits, with V-shape or U-shape in seismic sections, are predominantly characterized by rough or imbricated reflection texture of poor-moderate continuity and moderate-bright (strong) amplitudes ( Fig. 3(b) ). Sometimes, on sides of channels, there are wedge-shape levees developed with reflectors of high-continuity and amplitudes of weak to moderate-bright ( Fig. 3(b) ). Theoretically, channels have diverse origins with of incision on the underlying sediments. This will be covered in this paper. Submarine drape facies are characterized by parallel seismic reflections with highly continuous events and moderate-bright amplitudes ( Fig. 3(b) ). In most cases they have conformable contacts with the overlying and the underlying strata, but sometimes they slightly onlap the syndepositional terrain at the bottom suggesting a homogeneous sedimentation with no contribution from the undulating ground.
Results and observation
Reservoir architectures of different depositional sets even within the same deep-water turbidite channel system of incisional ability, which indicates that channel systems have diverse types and that one specific channel system corresponds to a unique evolutionary process.
Channel system types
Based on seismic facies features from the shallow seismic data, channel systems, with different geomorphologic features, in seismic sections, develop an obvious incised surface ( Fig.  4(a) ), which is the boundary of large scale incised valleys (or canyons). Although semi-confined channel systems also ones, they have wedge seismic facies developed on both sides (Fig. 4(b) ), which correspond to large-scale levee deposits. They are generally seagull morphology in seismic sections (as the sloping levees at the sides of the channels look like seagull's wings). Within unconfined channel systems, the most important feature is that no large-scale incised valley is developed as an obvious boundary (Fig. 4(c) ) and they have hummocky morphology in seismic sections.
Channel complexes develop in the channel system. As shown in Fig. 5 , a channel complex can be classified into two categories on the basis of the external morphology and the internal amplitude characteristics of seismic facies. One is the incised channel complex developed in circumstances of strong erosion with characteristic small-scale incised valleys. The break points of seismic events mark the complex boundary. An incised valley contains multiple single channels of hummocky-parallel reflections with strong amplitude as seismic features. The other category is the enveloped channel complex, developed in conditions of weak erosion, with no incised submarine canyons but with a boundary as an envelope-line of multiple single channels, which have an and enveloped channel complexes could develop in the same channel system but they often have different proportions within different channel systems of different sediment energies.
According to topography and the corresponding types of the inner channel complexes, channel systems can be further two subgroups for each of them (Table 1 ). The nomenclature of each subgroup follows the name of channel system and takes the type of inner channel complexes into account. A confined channel system, for example, is called confined incised channel system when incised channel complexes system when enveloped channel complexes dominate.
Architecture patterns of different channel systems
A distinctive architecture corresponds to a unique channel system. Based on the seismic response features, architecture models for different channel systems (Fig. 6 ) have been established, as described below.
incised valley with negligible or no natural levees. According channel systems can be further classified into incised and enveloped subgroups. In confined incised channel systems, massive loads, collapsed and passing sediments with local incised channel complexes. On the other hand, confined enveloped channel systems are dominated by enveloped channel complexes with local distribution of collapsed, passing and draping sediments. Incised valleys could also develop in semi-confined channel systems, but compared with those in confined systems, migration of these incised valleys is probably much more common and there are large scale natural levees (incised-valley natural levees) on both sides. The incisedtwo thirds of the width of the entire channel system. These large-scale natural levees also have two categories of nearchannel levees and off-channel levees according to their distances from the channels. The near-channel levees are characterized by thin interbedded sands and shales, while the off-channel levees are dominated by mud with locally thin sand layers. On the other hand, semi-confined channel enveloped based on channel-complex internal patterns. The are basically filled with collapsed sediments while the systems are mainly filled with relative fine sediments from draping and passing. This kind of channel systems could also be classified into two categories of strongly-confinedof the former is that enveloped channel complexes develop solely in the incised valleys, and the latter is that enveloped channel complexes not only develop in the incised valleys but also cover the top of incised valleys.
No incised valley exists in unconfined channel systems, which differs from confined and semi-confined systems. According to the type of internal channel complexes, an unconfined channel system can also be classified into two categories of incised channel system and enveloped channel system. The vertical and lateral migration of incised channel complexes contribute to the development of incised channel systems, while enveloped channel systems are derived from vertical and lateral migration of a single channel. In this kind of channel system, small scale natural levees, referred as channel levees, are developed along both sides of the channel complexes. This kind of channel levees could also be based on the distance from channels.
Discussion

Analysis of controlling factors
The types and features of deepwater detrital deposition are results of the interaction of a series of auto-cycles and tectonics, sediment types, the rate of sediment supply as well frequent events such as hurricanes and earthquakes with high energy could also have triggered the transportation of debris grains, down shelf and slope, to form deep-water sediments (Shanmugam, 2008) .
It is hard to compare the importance of each of these controlling factors. However, it is certain the different erosive different channel systems or within the same channel system, which could be reflected in the kinetic energy and mass functions as follows,
where, E is the energy of sediment, m is loading mass, v is the is the density of load, V is the volume of load.
According to the functions above, the physical parameters that control the erosive ability of sediments include the of a series of geological factors (Table 2 ). In terms of density, it is mainly controlled by the grain size of the sediments, which itself is determined by distance to the provenance and the type of source rocks. Normally, high density corresponds to coarse loads. In terms of load volume, it is essentially factors of which include sea-level fluctuation, geological events namely tsunamis, hurricanes and earthquakes, as well it is mainly controlled by topography, distance to the source increases as the distance from the source decreases, slope increases and width-depth ratio decreases.
These geological factors exert impacts at different levels on the architecture of the turbidite channels in different sedimentary systems or even within the same system. In different turbidite channel systems, the source area plays a more important role in reservoir architectures than eustasy, slope, and climate. For example, confined channel systems are more likely to develop with source areas rich in gravels and sands, on the contrary, semi-confined and unconfined channel systems tend to develop with source areas rich in sand-mud mixtures or mud. An individual channel system's type is controlled by interaction of various geological factors. However, primary factors play the most important role. For instance, sediment flow rate is high in steep-slope areas systems mainly develop in gentle-slope areas. Similarly, all 
Spacing evolution trend
Channel systems possess spatial evolutionary trends in spite of the fact that they are controlled by multiple factors. In short, channel systems evolve laterally and channel complexes evolve vertically within channel systems. In the plane, channel systems influenced by the transporting direction could show some kind of evolution ( Fig. rate and strong erosive ability at the proximal upper slope, where canyons or large scale incised valleys could evolve major process in this kind of channel system, resulting in large amounts of debris flow, turbidite and collapsed sediments with some locally developed straight or braided channels. On the middle slope, sedimentation gradually supersedes
In this situation, the most common channel system is a semichannel complexes are developed with some debris, collapsed on both sides. Noticeably, channels in this area are sinuous to some degree. At the distal lower slope, sediments are stronger ability of aggregation and lateral migration but less would dominate. These channel systems are characterized by highly meandering channels which become less sinuous or even straight as sediment transportation carries on and lateral migration ability decreases. This phenomenon has been fan, the average curvature decreases from 1.7 to less than 1.1 as the water depth increases from 3,300-4,100 m to 4,100-4,800 m (Babonneau et al, 2002) . In the vertical direction, a single channel system contains a set of evolutional channel complexes as a result of sealevel fluctuation and sediment supply rate changes (Fig. 8) . This vertical evolution is much more obvious especially in the semi-confined enveloped channel systems that will be further discussed below. During the early stage of channel have strong erosion ability, tending to form incised channel complexes. Channel systems, as a transportation path, are primarily filled with debris flow, collapsed and passing sediments with subsidiary incised channel complexes. During the middle stage, sediment supply is still sufficient exceeded by an increase of sedimentation. Enveloped channel complexes are the primary sedimentary units in this stage. During the late stage, sediment supply decreases as sea-level rises under non-sudden-event conditions. Consequently, there only develop a small number of enveloped channel complexes It is important to notice that the evolutions cited above are not absolute processes, because internal patterns of channel systems are determined by many factors. For example, is large enough. Similarly, large scale channels could also develop within highstand system tracts if there is sufficient sediment supply caused by events such as earthquakes, tropical cyclones and convulsive tsunamis, etc (Shanmugam, 2008) .
Conclusions
By using 3-D high frequency seismic data from the shallow layers in a deep-water area of the Niger Delta, the reservoir architectures of deep-water turbidite channels There are two kinds of channel complexes developed in channel systems, namely incised channel complexes and enveloped channel complexes. Incised channel complexes are characterized by small-scale incised valleys containing multiple single channels. Enveloped channel complexes are without incised valleys bounded by an enveloping line of multiple single channels. Accordingly, channel systems could further be classified into six subgroups. Geological factors exert impacts of different levels on the architecture of the turbidite channels in different sedimentary systems or even within the same system. Although the internal patterns of channel systems are controlled by multiple factors, they still exhibit a spatial evolutionary trend. In planar view, the upper-fan is dominated and locally developed straight or braided channels. The middle-fan is mainly composed of semi-confined channel systems containing a large number of curved incised or enveloped channel complexes with local distribution of debris flow, collapsed and passing sediments. Unconfined channel systems mainly exist in the lower-fan areas, characterized by meandering channels which become less curved or even straight as sediment transportation continues. Vertically, incision is the primary process during the early development stage of channel systems, resulting in large amount of debris flow, collapsed and passing sediments and incised channel complexes. During the middle stage, enveloped channel complexes develop because deposition exceeds erosion. Sediment supply decreases dramatically in the late stage, leading to the development of a small number of enveloped 
